ABSTRACT: To date, 28 mammalian transient receptor potential (TRP) channels have been cloned and characterized. They are grouped into six subfamilies on the basis of their amino acid sequence homology: TRP Ankyrin (TRPA), TRP Canonical (TRPC), TRP Melastatin (TRPM), TRP Mucolipin (TRPML), TRP Polycystin (TRPP), and TRP Vanilloid (TRPV). Most of the TRP channels are nonselective cation channels expressed on the cell membrane and exhibit variable permeability ratios for Ca 2+ versus Na + . They mediate sensory functions (such as vision, nociception, taste transduction, temperature sensation, and pheromone signaling) and homeostatic functions (such as divalent cation flux, hormone release, and osmoregulation). Significant progress has been made in our understanding of the specific roles of these TRP channels and their activation mechanisms. In this Review, the emphasis will be on the activation of TRP channels by phytochemicals that are claimed to exert health benefits. Recent findings complement the anecdotal evidence that some of these phytochemicals have specific receptors and the activation of which is responsible for the physiological effects. Now, the targets for these phytochemicals are being unveiled; a specific hypothesis can be proposed and tested experimentally to infer a scientific validity of the claims of the health benefits. The broader and pressing issues that have to be addressed are related to the quantities of the active ingredients in a given preparation, their bioavailability, metabolism, adverse effects, excretion, and systemic versus local effects.
D
avid Julius and colleagues from the University of California, San Francisco, cloned the receptor for the active ingredient in hot chili pepper, capsaicin, and named it as vanilloid receptor 1 (VR1) because capsaicin has a vanillyl moiety in its structure. 1 It was recognized that the VR1 had a sequence homology to a receptor cloned from a mutant fly (Drosophila melanogaster), in which the electroretinogram exhibited a transient response to continuous light; 2 therefore, it was renamed as transient receptor potential (TRP) Vanilloid 1 (TRPV1).
3,4 Several TRP channels have been cloned, and some of them are considered as targets for active ingredients in botanicals. For example, TRP Ankyrin 1 (TRPA1), a receptor that carries sensory information from the periphery, is coexpressed with TRPV1, activated by the active ingredient in mustard, allyl isothiocyanate (AITC), 5, 6 and TRP Melastatin 8 (TRPM8), involved in sensing cold temperatures, is activated by menthol extracted from mint leaves. 7, 8 Other TRP channels activated by plant ingredients include TRPC6 by hyperforin, TRPV3 by incensole, and TRPM5 indirectly by glucose (sweet taste receptor-mediated increase in intracellular Ca 2+ ). All the subunits of TRP channels that have been cloned so far have six transmembrane domains and a loop between domains five and six, which forms the pore. The channels have a stoichiometry of homo-or heterotetramers. Recently, high resolution structural studies using electron cryomicroscopy have confirmed the tetrameric structure.
9,10
Intense research is ongoing to identify the active ingredients in botanicals and their targets to explain the physiological effects they claim to exert. The active ingredient in turmeric is curcumin, which is claimed to be effective in conditions ranging from relieving flatulence to treating Alzheimer's disease and cancer. However, the bioavailability of curcumin is very low to produce effects systemically either because it is not absorbed or because it is metabolized rapidly by the liver (first-pass metabolism). However, it is important to emphasize that these ingredients can cause significant effects locally in the gastrointestinal (GI) tract. Activation of TRP channels can modulate or promote the release of peptide hormones and neurotransmitters from the sensory and enteric nerve endings and from enteroendocrine cells. It is fascinating to learn that, following a specific type of Bariatric surgery (Roux-en-Y) that involves transposition of the ileum, where the ileum is directly connected to the stomach, unexpectedly, the glucagon-like peptide-1 (GLP-1) levels increased significantly.
11 It is inferred from this effect that when food is directly exposed to the ileum, certain ingredients are able to stimulate specialized cells in the lower GI tract (enteroendocrine cells) to cause release of GLP-1. In an intact GI tract, these ingredients may be degraded because of the high acidic environment (pH 2−3) of the stomach and by the gastric enzymes that are released during Special Issue: TRPs as Probes and Medications for CNS Disorders digestion. This further emphasizes the local effects of phytochemicals in the GI tract, although some of them are not well absorbed. The purpose of this Review is to provide scientific bases for the effects of plant products by identifying the phytochemicals and their TRP channel targets.
■ PHYTOCHEMICALS THAT ACTIVATE TRANSIENT RECEPTOR POTENTIAL ANKYRIN (TRPA)
TRPA1 is the only identified member of this family, which is a Ca 2+ permeable nonselective cation channel, predominately expressed in a population of sensory neurons that also express TRPV1. 5, 12 TRPA1 is activated by the phytochemicals such as allyl isothiocyanate (AITC), allicin, diallyldisulfide (DADS), cinnamaldehyde, methylsalicylate, Δ-9-tetrahydrocannabinoid (THC), and synthetic compounds such as icilin, acrolein, Nmethylmaleimide (NMM), and (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de)-1,4-benzoxazin-6-yl]-1-apthalenylmethanone (WIN55,212-2).
6,13−16 TRPA1 can be activated by multiple products of oxidative stress, which include hydrogen peroxide (H 2 O 2 ), hydroxyalkenyl aldehyde (4-hydroxynonenal, 4-HNE), and 15-deoxy-Δ 12,14 -prostaglandin J 2 (15d-PGJ 2 ) 17,18 ( Figure 1 ). TRPA1 can also be activated by bradykinin (BK) . 13 Recent studies show that TRPA1 is activated by methylglyoxal (MG). 19 MG is formed from triose phosphate during secondary glucose metabolism in hyperglycemic conditions. It is well-known that MG covalently modifies arginine, lysine, and cysteine residues and forms advanced glycation end products.
20 TRPA1 has been shown to be involved in various sensory processes, such as detection of noxious cold, mechanosensation, and inflammatory hyperalgesia. 5,13,16,21−23 TRPA1 can be activated by three different mechanisms, including a mechanism of covalent modification of cysteine residues, which is unique among ion channel activation mechanisms: (1) AITC, allicin, DADS, acrolein, and NMM activate the channel by covalent modification of cysteine residues in the cytoplasmic N-terminals; (2) THC and WIN55,212-2 activate the channel possibly by binding to a site; and (3) BK by activating phospholipase C (PLC). Simultaneous mutations of C619, C639, and C663 significantly reduced NMM-and AITC-induced current. It was further demonstrated that additional mutation of K708 prevented the activation by AITC but THC could still activate the channel.
23
Cysteine residues are involved in covalent modification, yet the membrane current responses induced by TRPA1 agonists such as AITC and NMM are readily reversible.
24
The active ingredients in cinnamon (Cinnamomum zeylanicum), which belongs to the family Lauraceae, are cinnamaldehye, cinnamyl alcohol, and cinnamyl acetate. Cinnamon is a sweet-smelling spice obtained from the bark of the tree. In early days it was used in perfumes, as an appetite stimulant, and to flavor wines. It is considered to improve digestion and acts as an aphrodisiac and is found to be effective in treating sore throat and common cold.
Cinnamaldehyde ((2E)-3-phenylprop-2-enal) is a TRPA1 agonist (Figure 1 , EC 50 = 100 μM).
13 The pungency of cinnamon, when it comes in contact with the tongue, is due to its ability to activate TRPA1 expressed at the nerve terminals. Further, the activation of TRPA1 can cause the release of vasoactive peptides, such as calcitonin gene-related peptide (CGRP) and substance P (SP) from the nerve terminals. It is intriguing that fibers that carry pain sensation also innervate the blood vessels, although the blood vessels are considered to be insensate. 25 It is likely that the vasoactive substances released from the nerve terminals have beneficial effects on the cardiovascular functions. Activation of these receptors in the nerve terminals innervating the GI tract sends signals to satiety centers and releases neuropeptides/neurotransmitters locally. It has been shown that cinnamon can decrease blood glucose levels in type 2 diabetes. 26, 27 Diabetic animals treated with cinnamon showed decrease in blood glucose levels, which could be brought about by the release of incretins (glucose-dependent insulinotropic hormone (GIP) and GLP-1) and insulin release caused by activation of TRPA1 receptors.
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Figure 1. TRPA1 agonists (phytochemicals, synthetic chemicals, and endogenous molecules). Allicin, 2-propene-1-sulfinothioic acid S-2-propenyl ester; allylisothiocyanate (AITC), 3-isothiocyanato-1-propene, is an organosulfur compound; cinnamaldehyde, (2E)-3-phenylprop-2-enal; Δ 9 -tetrahydrocannabinol, (−)-(6aR,10aR)-6,6,9-trimethyl-3-pentyl-6a,7,8,10a-tetrahydro-6H-benzo[c]chromen-1-ol; umbellulone, 1-isopropyl-4-methylbicyclo[3.1.0]hex-3-en-2-one; ligustilide, (3Z)-3-butylidene-4,5-dihydro-2-benzofuran-1(3H)-one; methyl salicylate, methyl 2-hydroxybenzoate; icilin, 1-(2-hydroxyphenyl)-4-(3-nitrophenyl)-3,6-dihydropyrimidin-2-one; N-methylmaleimide (oxidizing agent); 4-hydroxynonenal, 4-hydroxy-2-nonenal, an α,β-unsaturated hydroxyalkenal produced by lipid peroxidation, is an endogenous agonist; methylglyoxal, an aldehyde from pyruvic acid, acts both as an aldehyde and ketone, and reacts with free amino acids such as lysine, arginine and thiol groups of cysteine. MG is an endogenous agonist.
Garlic (Allium sativum) belongs to the family Alliaceae. There are several claims that consumption of garlic imparts good health. Beneficial effects of garlic in fighting common cold, sore throat, and cough have been reported. 28, 29 Allicin, the active ingredient in garlic, is an organosulfur compound found to have potent antibacterial and antifungal properties 30 ( Figure  1 ). Allicin activates TRPA1 and TRPV1. 15 It is important to note that allicin has a very short half-life (1−5 s), because it rapidly decomposes. When garlic is crushed, the pungent smell is due to formation of allicin from alliin by the enzyme allicinase. When allicin is degraded, it forms 2-propenesulfenic acid, which can bind to free radicals. Other sulfur compounds present in garlic are ajoene, allyl sulfides, and vinyldithiins.
Anticancer effects of ingredients in garlic have been shown in cell lines and in animal experiments. 31 Local application of ingredients in garlic can prevent certain forms of skin cancer. 32 The anticancer effects of ingredients in garlic could be due to a local effect of the phytochemicals in the gastrointestinal tract activating TRPA1 and promoting Ca 2+ influx, rather than being absorbed and acting systemically. Excessive Ca 2+ flux leads to cell death.
Mustard belongs to the family Brassicaceae, genus Brassica and species alba (yellow mustard); or genus Snapis and species nigra (black mustard). Mustard seed contains several ingredients, such as glucosinolates (sinigrin), that can be broken down by the enzyme myrosinase to yield isothiocyanates. The active ingredient in pure mustard oil, AITC, activates TRPA1 and is involved in several functions (see cinnamon and garlic) (Figure 1 ). While eating mustard-laced food, the effect is more of an olfactory sensation (smell) rather than gustatory sensation (taste). Derivatives of AITC have been used as a war gas. Nitrogen mustard (mechlorethamine) is used as an anticancer agent. As discussed earlier, TRPA1 is a highly Ca 2+ -permeable channel, the activation of which can cause neuropeptide/neurotransmitter release and can mediate intracellular Ca 2+ -induced cellular functions. AITC also is the active phytochemical in horseradish (Armoracia rusticana), which belongs to the family Brassicaceae. It is considered to be pungent; the pungency is due to activation of TRPA1 expressed at the nerve terminals. Wasabi is a common condiment in Japanese cuisine, which has high levels of AITC. When taken orally, it is considered as a remedy for sinusitis, sore throat, and nasal congestion. It is considered to be anthelmintic and bactericidal. Thiopropanal S-oxide is the pungent ingredient in onion (Allium cepa) which belongs to the family Alliaceae. Similar to allicin and AITC, isothiocyanate and thiopropanal S-oxide activate the ion channels TRPA1. 33 AITC activates the channel with an EC 50 of 33 μM.
13 When ingested orally, the bioavailability of AITC is high and is considered as a cancer chemopreventive compound. 33 Curcumin ((E,E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), obtained from turmeric (Curcuma longa), which belongs to the family Zingiberaceae, is an activator of TRPA1. 34 The spice comes from the root of the plant and has a bright-yellow color. There are several claimed effects of curcumin, which include anti-inflammatory, antioxidant, anticancer, antidiabetic, antimicrobial, and so forth. 35 It has been claimed to be effective in a wide variety of conditions, including flatulence, jaundice, menstrual pain, toothache, and colic. The bioavailability of curcumin is very low. In a study, an oral dose of 8 g resulted in blood levels of around 200 ng. 35 However, efforts are being made to improve curcumin bioavailability by various stable preparations, including packaging curcumin in lipid nanoparticles. Longvida is a solid lipid curcumin particle (SLCP) that has a high bioavailability. As discussed earlier, it is possible that turmeric could produce its effects locally by direct contact with the cells in the lumen of the GI tract.
Cystic fibrosis is a condition caused by mutations in the cystic fibrosis transmembrance conductance regulator (CFTR). Curcumin has been shown to be effective in the disease caused by ΔF508 mutation, which results in the production of misfolded CFTR protein. 36−38 Curcumin activates TRPA1, which is expressed in the bronchial mucosa and relieves symptoms of cystic fibrosis.
The phytochemical umbellulone is obtained from Umbellularia californica, which belongs to the family Lauraceae ( Figure  1 ). The tree is called "headache tree" because the vapors from the tree can cause severe headache. Umbellulone is a reactive molecule that binds to cysteine residues in TRPA1, thereby activating the receptor (EC 50 = 11.6 μM). The headache may be due to activation of TRPA1 in the trigeminal system. Stimulation of sensory nerve terminals causes neuropeptide release. Since CGRP has been shown to play an important role in migraine type headaches by causing vasodilation of the meningeal vessels, it is likely that umbellulone causes headache by causing CGRP release by activating TRPA1. 39 Ligustilide, a dihydrophthalide, is a reactive molecule obtained from Angelica acutiloba, which belongs to the family Apiaceae (Figure 1 ). Ligustilide can bind to thiol groups, and this property could be responsible for activating TRPA1 (EC 50 = 44 μM). As this plant ages, it produces dehydroligustilide (EC 50 = 539 μM), but this is an antagonist of TRPA1 at lower concentrations (IC 50 = 23 μM). The specificity and the reactive nature of these molecules were demonstrated by mutating specific residues required for TRPA1 activation by electrophilic and reactive TRPA1 agonists. Celery contains ligustilide, which could activate TRPA1 and bring about its beneficial gustatory effects. 40 Paclitaxel obtained from the Pacific yew (Taxus brevifolia), which belongs to the family Taxaceae, is being used to treat certain forms of cancer ( Figure 2) . One of the side effects of paclitaxel is peripheral neuropathy that can be explained by its ability to activate TRPA1, which mediates tactile and cold allodynia.
41
Δ(9)-Tetrahydrocannabinol (THC) is a psychoactive compound in Cannabis sativa, which belongs to the family Cannabaceae ( Figure 1 ). As described earlier TRPA1 is activated by covalent modification of cysteine residues. However, when the cysteine residues were mutated, the activation by NMM was abolished, but THC and WIN55,212-2 could still activate the channel possibly by binding to a site. 22 The phytochemicals in cannabis, cannabichromene and cannabigerol, activate TRPA1 with an EC 50 of 60 nM and 3.4 μM, respectively. Cannabidiol acid was least potent (EC 50 ∼ 12 μM) 42 (Table 1) . Dicentrine is a naturally occurring aporphine type isoquinoline alkaloid, isolated from the root Lindera megaphylla Hemsl., which belongs to the Lauraceae family ( Figure 2) . In animal models, dicentrine induced antinociceptive effects. Cinnamaldehyde-induced nocifensive behavior was abolished by dicentrine, but not the capsaicin-induced nocifensive behavior. Based on these studies, it is proposed that the dicentrine effect may involve interaction with TRPA1 channels. 43 Nicotine is obtained from Nicotiana tabacum of the Solanaceae family. It brings about its stimulatory actions by activating neuronal nicotinic acetylcholine receptors. However, it also produces irritation while smoking, chewing, or snorting. It has been shown that irritation is caused by the activation of TRPA1. Nicotine activates TRPA1 in lower concentrations (EC 50 ∼ 10 μM), but inhibits at higher concentrations (>1 mM). 44 Extracts of Sichuan and melegueta peppers evoke pungent sensations that are mediated by different alkylamides, such as sanshool and shogaol; both activate TRPA1 and TRPV1 channels. Linalool, a terpene in Sichuan peppers, is able to activate TRPA1 but not TRPV1 45 (Table 1) .
■ PHYTOCHEMICALS THAT ACTIVATE TRANSIENT RECEPTOR POTENTIAL CANONICAL (TRPC) TRPC channels have been classified as TRPC1, TRPC2, TRPC3/6/7 and TRPC4/5 on the basis of structural similarities and functions. 46 The channel is formed as a homo-or heterotetramer. The activation mechanism of TRPC channels is not fully clarified. These channels are associated with G-protein coupled receptors and activation of G-protein coupled receptor results in transactivation of TRPC channels and facilitates their openings. 47 St. John's wort (Hypericum perforatum) extract is used as an antidepressant, and the mechanism of action is still elusive. One of the active ingredients in the extract has been found to be hyperforin, a bicyclic polyprenylated acylphloroglucinol compound ( Figure 2) . Hyperforin has been shown to activate TRPC6. 48 In general, antidepressants are selective serotonin and norepinephrine uptake inhibitors, thereby increasing the levels of serotonin and norepinephrine. The neurotransmitter levels can also be increased by promoting their release by causing Ca 2+ influx at the nerve terminals. Generally, neurotransmitter release occurs in response to an action potential arriving at the nerve terminal and activating voltagegated Ca 2+ channels. It is becoming increasingly apparent that Ca 2+ permeable TRP channels expressed at the presynaptic terminals can cause transmitter release and modulate synaptic transmission, independent of action potentials. TRPV1 and TRPA1 expressed in the presynaptic terminals of the sensory neurons can cause neurotransmitter release. 49−52 The effect of hyperforin could be due to its activation of TRPC6 expressed in central neurons. The effect appears to be specific because TRPC3 is unaffected by hyperforin. TRPC6, like most TRP channels, is a nonspecific cation channel that has a high Ca 2+ permeability. Hyperforin also exhibits neurotrophic effects leading to axonal sprouting and neurite extension. In confirmation of this effect, neurons from TRPC6 overexpressing animals exhibit enhanced dendritic growth and synapse formation that may play a role in learning and memory formation. 53 
■ PHYTOCHEMICALS THAT ACTIVATE TRANSIENT RECEPTOR POTENTIAL MELASTATIN (TRPM)
There are eight members in TRPM family. There are no ankyrin domains in the N-terminus of these channels. These channels are Ca 2+ and Mg 2+ permeable, and the permeability to Ca 2+ ranges from impermeable (TRPM4 and TRPM5) to significantly Ca 2+ permeable (TRPM6 and TRPM7).
54
TRPM5. TRPM5 is a channel activated by increases in intracellular Ca 2+ . TRPM5 activation by sweet tastants is by an indirect mechanism of causing an increase in intracellular Ca 2+ levels by the phytochemicals activating the sweet-taste receptor. Several structurally diverse phytochemicals have been shown to activate the sweet-taste receptor. But the degree of sweetness differs; glucose is less sweet in comparison to sucrose, which is a disaccharide formed by the combination of fructose and glucose. Fructose is the sweetest (73% sweeter than glucose). The plant product stevioside, obtained from Stevia rebaudiana, activates the sweet receptors. Interestingly, although the wholeplant extract can be used as a sweetening agent, it has been shown to cause infertility. However, the pure ingredient from this plant, rebaudioside A, is devoid of this action.
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The type 2 taste receptor (T2R) is alpha-gustducin, which is a sweet-and bitter-taste receptor. A knockout of the alphagustducin gene causes animals to lose both sweet and bitter taste sensations. T2Rs sense bitter taste. For umami and sweet taste perception, taste receptors type 1 (T1R1), type 2 (T1R2), and type 3 (T1R3) form heterodimers. T1R1 and T1R3 form a complex to sense the umami taste. T1R2 and T1R3 form a complex to taste sweetness. The signal transduction involves the activation of the G-protein-coupled receptor alphagustducin, which is coupled to phospholipase Cβ 2 (PLCβ 2). Activation of PLCβ 2 promotes the hydrolysis of PIP2 to form IP3 and DAG. IP3 releases Ca 2+ from intracellular stores and activates TRPM5, which depolarizes the cell and causes ATP release. ATP acts as a neurotransmitter and mediates signal transduction. 56 It is becoming evident that the receptors that sense sweettaste on the tongue are also expressed throughout the GI tract and act as chemosensors. Taste receptors are present in the cells lining the stomach, pancreas, and enteroendocrine cells of the GI tract. Stimulation of brush border cells with tastants releases GLP-1 and peptide YY (PYY). Both alpha-gustducin and TRPM5 receptors are predominately expressed in these cells. It is possible that phytochemicals are able to activate these receptors and promote release of neuropeptides, neurotransmitters and hormones.
57−60
TRPM8. Mint (Mentha longifolia) belongs to the family Lamiaceae, and peppermint belongs to the species piperita. The decoction of mint leaves is used for stomach aches and for some painful conditions. The active ingredient is menthol ( Figure 3) ; it is used as an ingredient in various balms that are used to relieve pain.
Transient receptor potential melastatin 8 (TRPM8), previously known as menthol and cold receptor 1 (CMR1), is a Ca 2+ permeant nonspecific cation channel, which is expressed in a subpopulation of primary afferent neurons. TRPM8 is activated by cold (<25°C), phytochemicals such as menthol and eucalyptol, and the synthetic chemical icilin. Activation of TRPM8 induces a cool/soothing sensation. 7, 8 TRPM8 expressed at the central terminals modulates synaptic transmission. 61, 62 TRPM8 (earlier identified as Trp-p8) is upregulated in prostate cancer and is involved in urinary bladder functions, which broadens the horizon of the involvement of TRPM8 in other physiological and pathophysiological conditions. 63 Generally, phosphorylation enhances the activity of ion channels. However, it has been demonstrated that a functional downregulation of TRPM8 occurs when PKC is stimulated resulting in an inhibition of TRPM8-mediated channel activity, in contrast to TRPV1, which is robustly potentiated by PKC activation. These effects are due to dephosphorylation of TRPM8 by activation of protein phosphatases. 61 The activation of TRPM8 sends the cool and soothing sensation to alleviate pain. Therefore, it is expected to be upregulated by phosphorylation in inflammatory conditions. Paradoxically, phosphorylation downregulates TRPM8, thereby compromising the much needed cool and soothing sensation.
It has also been shown that mentholated cigarette smoke exerts a cool and soothing sensation while inhaling; because of this, mentholated cigarettes may encourage the smoking habit. Recently, the United States Food and Drug Administration has issued a warning that mentholated cigarettes are more addictive. 64 Further, menthol can directly interact with the nicotinic acetylcholine receptor and inhibit its function, a mechanism that may explain the reason for smoking a greater number of cigarettes to get the same effect, thereby increasing the addictive potential of nicotine. 65 Eucalyptol is obtained from the leaves of Eucalyptus globulus in an oil form (Figure 3) . It has the structure of a cyclic ether and a monoterpenoid. It has a smell resembling that of camphor. It is added as one of the additives in cigarettes. Eucalyptol is a TRPM8 agonist (EC 50 = 7.7 mM). 66 
■ PHYTOCHEMICALS THAT ACTIVATE TRANSIENT RECEPTOR POTENTIAL POLYCYSTIN (TRPP)
The TRPP family is made up of three channel members, namely, TRPP1, TRPP2, and TRPP3. TRPP1 is an ion channel, which is considered to be involved in polycystic kidney disease. The disease is characterized by the formation of multiple cysts, hence the name polycystic kidney disease, eventually leading to kidney failure. In this disease, cysts are also found in liver, pancreas, and other inner surfaces covered by tubular epithelial cells. In tubular epithelial cells, ciliary action transduces a mechanical stimulus and opens a Ca 2+ permeable ion channel, such as polycystin-2 (PC2 or TRPP1), and increases the intracellular Ca 2+ levels and causes cell cycle arrest. Mutations in TRPP and/or the associated protein, polycystin 1 (PC1), result in autosomal dominant polycystic kidney disease (ADPKD).
Triptolide, a diterpene (Figure 2 ) obtained from Tripterygium wilfordii, induces Ca 2+ influx in tubular epithelial cells and controls their proliferation, resulting in reduced cyst formation and alleviation of symptoms associated with kidney damage in a murine model of ADPKD. 67 
■ PHYTOCHEMICALS THAT ACTIVATE TRANSIENT RECEPTOR POTENTIAL VANILLOID (TRPV)
There are six members in the TRPV family, the name is derived by the activation of TRP Vanilloid 1 (TRPV1) by molecules consisting of a vanillyl moiety. The other members of this family are TRPV2, TRPV3, TRPV4, TRPV5, and TRPV6. 68−70 While comparing the Ca 2+ permeability, it has become clear that TRPV5 and TRPV6 channels are purely Ca 2+ permeable. They form homo-or heterotetrameric structures. 71 The high resolution structure of TRPV1 has been recently published, aided by electron cryomicroscopy. TRVP1. TRPV1, formerly known as vanilloid receptor 1 (VR1), is a nonselective cation channel with high Ca 2+ permeability, which is expressed predominantly in a population of small-diameter sensory neurons. It functions as a polymodal receptor in the peripheral sensory nerve terminals and modulates synaptic transmission at the first sensory synapse.
1,49,51,72−74 A recent study has shown its expression in the dorsal horn inhibitory interneurons. 75 Capsaicin has been shown to modulate synaptic transmission in other brain regions.
76−80 Activation of TRPV1 results in two functional components: (1) sending the impulses to the brain by generating an action potential at the nerve endings (afferent function) and (2) releasing vaso/neuroactive substances by virtue of its Ca 2+ permeability, such as histamine, bradykinin, CGRP, and SP, from the peripheral nerve terminals (efferent action).
TRPV1 is activated by heat (>42°C) and phytochemicals such as capsaicin, resiniferatoxin (RTX), tinyatoxin (TNX), camphor, carvacrol, and thymol. It is activated by endogenous ligands such as protons, anandamide, arachidonic acid metabolites, and N-arachidonyl dopamine (NADA). Although TRPV1 is considered mainly to be involved in thermal sensory perception, its distribution in regions that are not exposed to its activation temperature ranges raises the possibility of its involvement in other functions. TRPV1 can be detected using RT-PCR and radioligand binding throughout the neuroaxis, and the identification of specific ligands such as NADA in certain brain regions further suggests its roles in the CNS.
51,75,87−90 TRPV1 is present in the smooth muscles of the blood vessels and bronchi, where activation of the receptor leads to vasodilation by releasing CGRP, acetylcholine, or nitric oxide from nerve terminals and bronchoconstriction by promoting Ca 2+ influx, respectively. 91−93 TRPV1 is found in the nerve terminals, supplying the urinary bladder and the urothelium, indicating a role in urinary bladder function, such as micturition. 94, 95 Interestingly, TRPV1 is also involved in the regulation of body temperature. Subcutaneous injection of capsaicin decreases the body temperature by 2−3°C. TRPV1 antagonists increase the body temperature to the same extent. 96, 97 TRPV1 has emerged as a potential target for developing analgesics. Potent TRPV1 antagonists have been developed and shown to be effective in alleviating pain in several animal models. Unfortunately, development of hyperthermia following their administration has halted the clinical trials. 94 However, findings suggest that certain compounds may be devoid of the effect of elevating core body temperature. 98 Capsaicin (8-methyl-N-vanillyl-6-nonenamide) (Figure 4 ), an active ingredient in hot chili pepper (Capsicum annuum or f rutescens), which belongs to the family Solanaceae. The nonpungent bell peppers belong to the species annuum, and hot peppers belong to the species f rutescens.
The hotness of chili peppers is due to the chemical content of capsaicin. Purified capsaciin activated TRPV1 with a EC 50 of 711.9 nM.
1 Other capsinoids such as capsiate, dihydrocapsiate, and nordihydrocapsiate have been isolated and purified. The degree of hotness can be quantified by using the Scoville scale. A Scoville unit is the "number" of times the alcoholic extract has to be diluted to lose the pungency. A sweet bell pepper has a score of 0 Scoville units and the Habanero, Savina, and Naga Jolokia (ghost peppers) are calibrated to have scores of 400 000, 600 000, and 1 000 000 Scoville units, respectively. For example, ghost pepper extract has to be diluted one million times to lose its pungency. Capsaicin and dihydrocapsaicin have the Scoville scores of 16 000 000 and 15 000 000, respectively. Shogaol from ginger has the score of 160 000 units, piperine from pepper has the score of 100 000 units, and gingerol from ginger has a score of 60 000 units. Commercially available pepper spray has the score of 2 500 000 units, and police-grade pepper spray has the score of 5 500 000 Scoville units.
When capsaicin binds to its receptor, the ion channel opens, but when constantly activated, the receptor enters a desensitization state. On the other hand, sensitization is a phenomenon, where the receptor activity is enhanced by phosphorylation. Overexpression and overactivation of TRPV1 is observed in various painful conditions. Topical capsaicin application has been useful to treat conditions such as arthritis, diabetic peripheral neuropathy, shingles, and psoriasis by exerting a local effect. 85, 86, 99, 100 The mechanism of pain relief has been proposed to be due to desensitization of the receptor or degeneration/ablation of the nerve terminals.
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Altered expression of TRPV1 is found in cancers involving prostate, bladder, pancreas, tongue, skin, liver, and colon. Capsaicin can induce its effects by causing Ca 2+ influx through TRPV1 overexpressed in cancerous cells, which can lead to cell death by apoptosis or necrosis. 85 In diabetes, consuming a hot chili pepper containing meal showed a decrease in the amount of insulin required to combat the postprandial increase in glucose. TRPV1 may play a role in this effect. 102, 103 Capsaicin has been reported to increase oxygen consumption and thermogenesis, which might lead to Figure 4 . TRPV1 agonists. Vanillin, has the vanillyl moiety, that is essential for activating TRPV1 channels; Capsaicin, (E)-N-[(4-hydroxy-3-methoxyphenyl)methyl]-8-methyl-6-nonenamide, has a vanilloid and an aceyl moiety; dihydrocapsaicin, the structure of which is a 6,7-dihydro derivative of capsaicin; resiniferatoxin, has a complex structure, but shares a homovanillyl group, which is necessary for the activity of all vanilloids; eugenol, 2-methoxy-4-(2-propenyl)phenol and is a member of the allylbenzene class of chemical compounds; Cannabidiol, 2-[(1R,6R)-6-isopropenyl-3-methyl-3-cyclohexen-1-yl]-5-pentyl-1,3-benzenediol; anandamide or arachidonylethanolamide or arachidonic acid N-(hydroxyethyl)-amide consists of the acyl moiety and is an edogenous ligand of TRPV1 and cannabinoid receptor 1 (CB1). weight loss. There are studies to support a potential neurogenic mechanism by which TRPV1-sensitive sensory neurons may regulate energy and fat metabolism. Capsaicin prevents adipogenesis by apoptotic mechanism. Capsaicin or Noleoylethanolamide, an endogenous ligand of TRPV1, reduced food intake by conveying information through the vagus nerve and affecting satiety centers. TRPV1 knockout animals, when fed a high-fat diet, although the food intake was the same, they gained less weight as compared to their wild-type counterparts. 104, 105 Although there is no direct evidence that hot chili pepper containing spicy food increases acid secretion in the stomach, in certain conditions, such as gastroesophageal reflux disease (GERD), increased expression of TRPV1 in the esophagus can induce a burning sensation. 106 Capsaicin has been shown to worsen the condition in patients with irritable bowel syndrome (IBS) and Crohn's disease. Activation of TRPV1 has been shown to cause the release of gastric acid in the stomach, but other studies have reported otherwise. 107 Urinary bladder hyperreflexia is a condition that has been shown to be related to overexpression of TRPV1 in the nerve terminals innervating the bladder. Excretion of capsaicin through the kidneys can accumulate in the bladder and exert an effect on the urinary bladder. 85 Resiniferatoxin (RTX) and tinyatoxin (TNX) are the most potent among all the known natural, synthetic, and endogenous agonists of TRPV1. These pure chemicals obtained from a cactus-like spurge Euphorbia resinifera/poissonii. Purified RTX activates TRPV1 with an EC 50 of 39.1 nM.
1 In fact, RTX can maximally activate single channel TRPV1 currents in picomolar ranges. 108 RTX/TNX have the Scoville scores of 16 000 000 000 and 5 300 000 000, respectively. RTX, a phorbol related diterpene (resiniferonol 9,13,14-orthophenylacetate 20-homovanillate), has a complex structure with a phorbol and a vanillyl moiety (Figure 4) . Its ultrapotency was thought to be due to the phorbol moiety, which could activate protein kinase C (PKC) and promote phosphorylation of TRPV1. This notion was abandoned because of the higher concentrations of RTX required to activate PKC. The tritiated form ([ 3 H]RTX) has been used as a tool in ligand-binding assays. 68, 109 Binding of capsaicin and RTX to TRPV1 involves amino acid residues, which have been shown to reside within N-and C-cytosolic and transmembrane domains of the channel.
110−112 RTX could induce nerve terminal ablation by sustained Ca 2+ influx and prevent nociceptive transmission. Intrathecal administation of RTX provides a long-lasting pain relief. 51, 113, 114 A clinical trial is ongoing to determine the effectiveness of intrathecal administation of RTX in debilitating terminal cancer pain conditions (NCT00804154). Intravesicular irrigation of RTX containing solution has yielded a significant improvement in urinary bladder hyperreflexia by its ability to ablate TRPV1 expressing nerve terminals in the urinary bladder. 95 Resiniferatoxin and tinyatoxin are used as pesticides.
Basil (Ocimum basilicum) belongs to the family Lamiaceae. Basil and oregano have the ingredient β-caryophyllene, a natural bicyclic sesquiterpene, which is an agonist of cannabinoid receptor 2 (CB2) and has been shown to be involved in anti-inflammatory actions. Eugenol, a phenylpropene and an allyl chain-substituted guaiacol is one of the active ingredients in basil and clove (Figure 4) . Other ingredients include citral that provides the citrus smell to basil, camphene in the African blue basil, and anethole in licorice and basil. Eugenol has anti-inflammatory properties by blocking the cyclooxygenase enzyme. Eugenol activates TRPV1 and TRPV3 115 (Table 1) . Bay leaves (Cinnamonium tamala) belong to the family Lauraceae. The active ingredients include β-caryophyllene, eugenol, and linalool, a naturally occurring terpene alcohol found in many flowers and spice plants. As discussed above, eugenol can activate TRPV1 and TRPV3 ion channels and linalool can activate TRPA1. 116 Black pepper (Piper nigrum) belongs to the family Piperaceae. The active ingredients have been isolated. The main ingredient is piperine. Other alkaloids present in black pepper include chavicine and piperidine (Figure 3) . Piperine activates TRPV1. 117 The pungency of pepper is due to the alkaloid piperine and is quantified to have a score of 100 000 Scoville units as compared to the ghost pepper, which has a score of 1 000 000 Scoville units. It is also used to treat conditions such as sore throat and bronchitis. It improves digestion and acts as a carminative. Piperine is known to inhibit the liver metabolizing enzyme CYP3A4, thereby increasing the bioavailability of other drugs. Piperine has been shown to significantly increase the bioavailability of curcumin by interfering with its metabolism. 118 As discussed earlier, several ingredients in Cannabis sativa can activate TRP channels. 119 Cannabidiol (CBD) does not exhibit any psychotropic effects. Recently, CBD has gained attention because of its effectiveness in treating refractory epilepsies in children. CBD and other active ingredients in cannabis are considered as activators of TRPV1 (Figure 4) . CBD activates TRPV1 with EC 50 of 3.2 μM as compared to activation by capsaicin (EC 50 of 0.3−0.7 μM).
1,119
Camphor, a terpenoid, is a transparent solid obtained from an evergreen tree Cinnamomum camphora. Another source of camphor is from dried rosemary (Rosmarinus officinalis). Camphor is an activator of TRPV1. 120 Clove (Eugenia caryophyllis or Syzgium aromaticum) belongs to the family Myrtaceae. Clove oil is commonly used to treat toothaches and used as a local anesthetic in dental procedures. The principal active ingredients in clove are eugenol and salicylic acid. The effects of both of these active ingredients are useful in painful conditions. Eugenol activates TRPV1 and TRPV3 channels. 115 Evodiamine, an active ingredient from the Rutadeae family of plants (Euodia ruticarpa), is a TRPV1 agonist. It is being used as a dietary supplement; it has been shown to induce thermogenesis. 121 Ginger (Zingiber officinale) belongs to the family Zingiberaceae. The active ingredients in ginger are gingerols, shogaols, and zingiberene. They exist in different forms (6, 8, 10) depending on the alkyl carbon chain. The pungency is quantified to be 60 000 Scoville units. Structurally, it is related to capsaicin and piperine. Heat converts gingerol to zingerone. When gingerol is dehydrated, it is converted to a more potent compound, shogaol (EC 50 = 0.2 μM; 160 000 Scoville units). All these ingredients can activate TRPV1 and TRPA1. 122 The alcoholic extract has been shown to possess antioxidant properties.
Oregano (Origanum vulgare) belongs to the family Lamiaceae. It contains several phytochemicals, such as thymol, carvacrol, and rosmarinic acid. The antioxidant properties are stronger than those of synthetic antioxidants, such as butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA). Thymol and carvacrol can activate TRPV1 and TRPV3 ion channels 123 (Table 1) .
Polygodial, a drimane-type sesquiterpene dialdehyde, is an active ingredient obtained from the Dorrigo pepper (Tasmannia lanceolata). Polygodial activates TRPV1 and TRPA1. 124, 125 Tarragon (Artemisia dracunculus) is a perennial herb that belongs to the family Asteraceae. The active ingredient that is responsible for the characteristic taste is considered to be cispellitorin. The ingredients in tarragon oil include methyl eugenol (36%) and methyl chavicol (16%). Eugenol is a TRPV1 and TRPV3 channel agonist. 115 Thyme (Thymus vulgarism) belongs to the family Lamiaceae. The major ingredient in thyme oil is thymol; other ingredients are borneol, linalool, myrcene, and p-cymene. It is incorporated as an antiseptic in mouthwash and in toothpaste. Thymol and linalool have been shown to activate TRPV3 and TRPA1, respectively. 45, 116, 123 Vanilla (Vanilla planifolia) belongs to the family Orchidaceae (Figure 4) . The smell is due to the active ingredient vanillin, which is structurally related to eugenol or guaiacol. It is used for flavoring ice creams, confectionaries, tobacco, beverages, and so forth. The natural flavor is due to vanillic aldehyde, but the artificial flavor ethylvanillin is as potent as the natural vanilla. It has mild CNS effects, is regarded as an aphrodisiac, and is useful to treat impotence. Vanillin can activate TRPV1 and TRPV3 ion channels. 126 Most phytochemicals have been shown to activate TRP channels. The active phytochemical in the dichloromethane fraction from the leaves of the medicinal plant Vernonia tweedieana that belongs to the family Asteraceae was identified to be α-spinasterol, which acts as a potent antagonist of TRPV1. The antagonistic effects were demonstrated by the displacement of tritiated RTX ([ 3 H]RTX) and inhibition of capsaicin-induced Ca 2+ influx. α-Spinasterol exhibited an antinociceptive effect to noxious heat, but the mechanical threshold was unaffected. The specific action involving TRPV1 was confirmed by the lack of antinociceptive effect in mice systemically treated with RTX, which is known to ablate TRPV1 expressing neurons. Its effectiveness was demonstrated by its ability to reduce inflammatory hypersensitivity induced by complete Freund's adjuvant (CFA). Interestingly, the body temperature was unaffected by its antagonistic action.
127
TRPV3. TRPV3 is a thermosensitive channel that has a high sequence homology with TRPV1. TRPV3 was initially found to be exclusively expressed in the keratinocytes; however, further studies have shown its expression in sensory and central neurons, nasal mucosa, tongue, kidney, and testis. TRPV3 expression has been shown to be enhanced in painful conditions and is being pursued as a target for developing analgesics. 129−135 Nerve terminals of the sensory neurons in the periphery are surrounded by keratinocytes; therefore substances such as ATP, prostaglandins, and nerve growth factor released from keratinocytes can make the nerve terminals more excitable. 136, 137 TRPV3 knockout animals lacked ATP release from peripheral terminals. 138 Activation of PLC has been shown to modulate the function of TRPV3 by PIP2-mediated mechanism and by IP3-mediated increase in intracellular Ca 2+ levels. 138, 139 Overexpression of TRPV3 in animals results in a "hairless" phenotype, indicating the involvement in functions other than nociception. 140, 141 Several of the TRPV1 activating phytochemicals also activate TRPV3. This may be due to the possibility of coassembly of channels withTRPV1 and TRPV3 subunits. These compounds include thymol, carvacrol, camphor, and eugenol. The channel is also activated by menthol and moderate heat (between 30 and 35°C). 70, 115, 123, 142 Frankincense is a resin obtained from the frankincense tree (Boswellia thurifera), which belongs to the family Buseraceae. The active ingredient is boswellia acid. Myrrh is another resin from the species commiphora. It has been shown that the active ingredient in these resins, incensole, has psychoactive properties. Incensole smoke is used in religious ceremonies to attain higher levels of meditation. Incensole is an activator of TRPV3. 143 Compounds in Cannabis sativa, CBD and tetrahydrocannabivarin, caused TRPV3-mediated Ca 2+ influx with a EC 50 of ∼3.7 μM. Cannabigerovarin and cannabigerolic acid interacted with the channel by causing reduced carvacrol induced Ca 2+ influx.
144
TRPV4. TRPV4 is expressed in hypothalamus, sensory neurons, trachea, kidney, cochlear hair cells, vascular smooth muscle cells, endothelial cells, and keratinocytes. 145−148 TRPV4 is activated by cell-swelling induced by hypotonicity, shear stress, heat (>27°C), diacyl glycerol (DAG), phorbol esters, 5′,6′-epoxyeicosatrienoic acid (5′,6′-EET), and 4-α-phorbol 12,13-didecanoate (4-α-PDD).
146−151 TRPV4 mediates mechanical sensitivity by direct activation of the channel as well as by second messengers produced by mechanical stimuli.
152−154
The role of TRPV4 in nociception is confirmed by the administration of antisense oligodeoxynucleotide. 155−158 As discussed under activators of TRPA1, paclitaxel is obtained from the Pacific yew and is used to treat certain forms of cancer (Figure 2) . The tactile and cold allodynia induced by paclitaxel have been attributed to its ability to activate both TRPV4 and TRPA1. When antagonists of these TRP channels were administered individually, tactile allodynia induced by paclitaxel was alleviated partially. However, a combination of both completely alleviated tactile allodynia. Paclitaxel-induced CGRP release from mouse esophagus was abolished by TRPA1 and TRPV4 antagonists, suggesting that TRPA1 and TRPV4 contribute to paclitaxel-induced neuropathy. 41 Bisandrographolide and andrographolide are diterpenoids purified from Andrographis paniculata, which belongs to the family Acanthaceae (Figure 2) . Bisandrographolide is able to selectively activate TRPV4 without having any effects on TRPV1, TRPV2, and TRPV3. The abundant phytochemical in the extract, andrographolide, failed to activate TRPV4. 159 Cannabidivarin and tetrahydrocannabivarin from cannabis induced TRPV4-mediated Ca 2+ influx with an EC 50 of 0.9−6.4 μm. whereas cannabigerolic acid, cannabigerovarin, cannabinol, and cannabigerol interacted with TRPV4 causing reduced 4-α-PDD induced responses. 144 
■ CONCLUDING REMARKS
The TRP family of ion channels has emerged as targets for phytochemicals in botanicals. From the scientific studies, it is becoming apparent that specific and potent active ingredients are being isolated and identified from botanicals. More interestingly, specific receptors for the active ingredients are also being identified, cloned, and characterized. Further, there are endogenous ligands for some of these receptors. The classic examples are endorphin and enkephalin for opioid receptors and anandamide for cannabinoid and TRPV1 receptors. The presence of endogenous ligands strengthens the argument that phytochemicals can fulfill the deficiency of the endogenous ligands or can overactivate the receptor to exert unphysiological responses. TRP channels are expressed in neuronal and nonneuronal cells. Activation of these receptors at the nerve terminals can initiate an afferent sensory signal by depolarizing the nerve terminal and generating an action potential. On the other hand, activation of TRP channels at the nerve terminals can cause an efferent function of releasing peptide hormones that can act locally on other cells in a paracrine fashion (local release) and stimulate the cells to release hormones in an endocrine fashion (release into the blood). Expression of TRP channels in nonneuronal cells, such as pancreatic beta cells and enteroendocrine cells, can release insulin and GLP-1, respectively, which can play a role in glucose homeostasis. It is important to consider the specificity of action, potency, and the bioavailability of these phytochemicals. It is certain that more phytochemicals and their TRP channel targets will be identified in the future to attribute scientific bases for the physiological effects and the health benefits produced by botanicals.
■ AUTHOR INFORMATION
Corresponding Author *E-mail: lpremkumar@siumed.edu. Phone: 217-545-2179. Fax: 217-545-0145.
Funding
This work is supported by a grant from NIDA (DA028017).
Notes
The authors declare no competing financial interest. 
